ABSTRACT Rapid cooling of shell eggs using liquid CO 2 has been shown to cool eggs to 7°C within minutes, as opposed to days required by traditional cooling treatments. This quick-cooling technique is component in the maintenance of egg quality and extended shelf life beyond the current 30-to 45-d period. The hypothesis for the current study was that maximizing CO 2 content of the eggs during cooling may increase Haugh units and thus extend shelf life (physical quality factors). The objective of this study was to maximize CO 2 content of shell eggs during rapid cooling with liquid CO 2 and determine its effect on egg quality during 12 wk of refrigerated storage. Three cooling conditions selected for the study were −45°C for 18 min (treatment A), −60°C for 15 min (treatment B), and −75°C for 12 min (treatment C). After rapid-cooling treatment, it took approximately 25 min for the internal temperature of eggs to equilibrate to 7°C. The Haugh units of the rapidly cooled eggs were significantly higher than the traditionally cooled (control) eggs. After 12 wk of refrigerated (5-7°C) storage, control eggs were only 37% AA-grade, 57% A-grade, and 6% B-grade. In comparison, all the rapidly cooled eggs averaged to 80% AAgrade and 20% A-grade. After 6 wk, the average quality of control eggs reduced to grade A, whereas rapid cooling treatment was able to maintain AA quality up to 12 wk. The CO 2 content of the rapidly cooled eggs (1.8 mg of CO 2 /g of albumen) showed no difference between treatments A, B, and C, but it was significantly higher than the control (1.3 mg of CO 2 /g of albumen). In addition, the vitelline membrane strength of the control decreased 65% during storage and was between 30 and 50% of the vitelline membrane strength of CO 2 -cooled eggs at 12 wk. Rapid cooling with liquid CO 2 extends shelf life of shell eggs.
INTRODUCTION
Egg safety and quality is a major concern for producers, consumers, and regulatory agencies. In the United States, salmonellosis annually causes an estimated 1.3 million illnesses, 15,000 hospitalizations, and 500 deaths, of which approximately 25% are associated with Salmonella enterica serovar Enteritidis (Food Safety and Inspection Service, 2005) . The most recent multistate Salmonella Enteritidis outbreak in eggs resulted in 1,470 cases of illness being reported and almost half of a billion eggs being recalled (Centers for Disease Control and Prevention, 2010) . Current practice in the egg industry requires minimum of 1 to 2 wk for eggs to cool from lay temperature 38°C (100°F) to 7°C (45°F; Anderson et al., 1992; Sabliov et al., 2002) . Numerous researchers over the past decade have shown that handling and storage temperature and time are critical factors governing safety and quality of eggs (Sharp and Powell, 1931; Mueller, 1959; Dogan and Bayindirli, 1996; Samli et al., 2005) . United States Department of Agriculture Risk Assessment data suggest that cooling eggs to 7°C (45°F) or below within 12 h of laying will reduce food-borne illness in eggs by 78%, equal to a 3-log pasteurization (Food Safety and Inspection Service, 2005) . Rapid cooling with liquid CO 2 is able to cool eggs from 40°C (100°F) to 7°C (45°F) within a few minutes (Sabliov et al., 2002) . Further optimization of this process is needed to maximize its efficiency and evaluate its effect on egg quality and shelf life.
The most common method used for ascertaining the quality of shell eggs is Haugh units (HU). It is calculated by measuring the weight of the egg and relating it to the height of the thick albumen (Haugh, 1937) . Based on the numerical value of HU, eggs are graded as AA (HU ≥72), A (HU 72 > A ≥60), and B (HU <60) (USDA, 2010) . Higher HU indicates a higher albumen quality. As egg quality deteriorates, the HU value decreases. The HU value is calculated mathematically using the equation shown below (Stadelman and Cotterill, 1995): Maximizing carbon dioxide content of shell eggs by rapid cooling treatment and its effect on shell egg quality where HU = Haugh units (no unit) , H = height of thick albumen in millimeters, G = 32.2 (constant), and W = weight of the egg in grams. Apart from HU, other indicators of egg quality include yolk and albumen pH, CO 2 content of the eggs, and the vitelline membrane strength (VMS). As the egg ages, the yolk pH increases from 6.0 to 6.9 while that of the albumen increases from an initial pH of 7.6 to 8.5 to about pH 9.7 (Sharp and Powell, 1931; Heath, 1977) . Sharp (1929) first reported the increase in the alkaline pH of eggs as a result of loss of CO 2 through the eggshell and associated it with albumen liquefaction and deteriorating egg albumen quality. The weakening of vitelline membrane (VM) of the egg is a combination of various factors, primarily related to aging of eggs: loss of membrane weight, increase in permeability, and increase in albumen pH (Heath, 1976) . The VM is comprised primarily of proteins (Stadelman and Cotterill, 1995) . It is hypothesized that the CO 2 loss during storage and the corresponding increase in albumen pH result in weakening of the VM (Fromm, 1966) . The effect of increasing pH (due to CO 2 loss) is more significant during long-term storage and elevated storage temperatures (Heath, 1976) .
A rapid cooling treatment using liquid CO 2 was first proposed by Curtis et al. (1995) as an alternate processing method from traditional cooling. Sabliov et al. (2002) described the rapid cooling using liquid CO 2 as a 2-stage cooling method. Initially, the egg is rapidly cooled by direct impingement of CO 2 snow on the eggshell (Sabliov et al., 2002) , which forms an ice layer at the interface of the shell and albumen. The exterior of the shell cools at a faster rate than the interior. Once the egg is removed from the cooler and allowed to equilibrate at refrigeration temperatures, the ice layer melts, thus cooling the interior of the egg (Sabliov et al., 2002) . The rapid cooling time and temperature conditions can be adjusted to achieve targeted equilibrium egg temperature. The technology offers the benefit of rapidly cooling eggs (within a few minutes) due to the exceptionally high heat-transfer rate. This is a significant advantage over traditional cooling techniques that require 5 to 7 d to achieve an internal temperature of 7°C in shell eggs (Sabliov et al., 2002) . Additionally, rapid cooling treatment has been shown to improve egg quality and safety by reducing bacterial count (Curtis et al., 1995) . Eggs that have been rapidly cooled with CO 2 and then stored in a CO 2 environment for 15 wk have higher quality as compared with the control (traditional air cooling; Keener et al., 2000 Keener et al., , 2004 .
In this study, the hypothesis was that rapid cooling of eggs at different temperatures will affect the levels of CO 2 uptake and possibly quality of eggs (as measured by HU) during storage as compared with traditionally cooled eggs. To achieve this, rapid cooling was carried out at 3 time-temperature combinations in an effort to determine maximum CO 2 uptake and its effect on egg quality and shelf life over 12 wk of refrigerated (5-7°C) storage.
The objectives of the study were 1) to determine the effect of high-temperature incubation before cooling on egg quality, 2) to optimize processing parameters for rapid cooling treatment to achieve a target temperature of 7°C inside the egg, and 3) to ascertain the effect of rapid cooling treatment on egg quality over a 12-wk period.
MATERIALS AND METHODS
The experiment was designed with 4 cooling conditions: control or traditional cooling (eggs that were not subjected to rapid cooling), rapidly cooled at −45°C (treatment A), rapidly cooled at −60°C (treatment B), and rapidly cooled at −75°C (treatment C). After treatment, all eggs were packed into half-case cardboard boxes (6 flats each) and stored at refrigeration (5-7°C) temperatures. Flats were made of fiberboard material.
The CO 2 rapid-cooler unit used for this study is an insulated chamber with outer dimensions of approximately 100 × 100 × 70 cm. The chamber was designed by Keener et al. (2000) and built by Praxair Inc. (Burr Ridge, IL). Liquid CO 2 at 1 MPa is directed into the chamber through dual manifolds located 15 cm above the chamber floor (Keener et al., 2000) . Nozzles distributed uniformly across the manifold produce fine CO 2 particles that are deposited at the chamber floor. A fan, fitted above the manifold, allows for homogenous cooling throughout the chamber (Keener et al., 2000) . The cooling chamber was designed to minimize CO 2 snow contact with the eggs because the fan would circulate the cold gas along the outer shell of the chamber, extending its length of travel and reducing its potential to fall on the eggs. The chamber has a single rack that can hold 4 flats (30 eggs in a flat) in a single layer at a given time.
Rapid Cooling
One hundred twenty dozen fresh eggs (less than 24 h old, unrefrigerated, unwashed) were obtained from a local poultry farm. Eggs were obtained from W36 Leghorn hens, between 35 and 45 wk of age. Eggs were randomly allotted for different treatments and were incubated overnight at 43°C to mimic high-temperature conditions similar to those at poultry processing facilities (e.g., placed in carton or flat) during summer months (Keener et al., 2000) . After overnight incubation, control group (traditionally cooled) eggs were packed in cases and stored in a refrigerated (5-7°C) cooler unit. In comparison, treatment group eggs were also incubated overnight and then subjected to rapid cooling: treatment A (−45°C), B (−60°C), or C (−70°C). Depending on the treatment, the rapid cooler chamber was maintained at different temperatures (−45°C, −60°C, and −75°C) and eggs were cooled for a suitable length of time, such that postcooling, the center of the eggs equilibrated to approximately 7°C. After cooling, eggs were tightly packed in individually labeled (treatment A, B, and C) half-case boxes and stored in the refrigerated unit. Traditionally cooled (control) eggs were packed and stored similarly. Eggs from each treatment were randomly pulled out at specified sampling time periods over the 12 wk of storage for further analysis.
Experiment 1: Effect of High Temperature Incubation on Egg Quality
For experiments 2 and 3, because eggs had to be heat-treated before rapid cooling, experiment 1 was undertaken to determine if pretreatment with heat had a detrimental effect on egg quality. Egg quality was evaluated over a 3-d period. The experimental design of 2 × 3 factorial consisting of 2 treatments (control and 43°C-treated eggs) and 3 time points (d 0, 1, and 3) used. In experiment 1, control group refers to eggs that were not heat (43°C)-incubated. On d 0, the quality of fresh eggs (untreated) was measured at room temperature (22 o C). Eggs were then randomly assigned to 2 groups: control group and treatment group. The control eggs were then immediately refrigerated (unit maintained at 5-7°C) and their quality was assessed on d 1 (24 h of refrigeration) and d 3(72 h of refrigeration). The treatment eggs were first incubated overnight at 43°C, and then refrigerated (5-7°C) and quality assessment was performed, similar to control. At all time points, the control and treatments eggs were allowed to come up to room temperature, to avoid variability arising from sampling temperature. The sample size was 8 eggs for this study. The parameters assessed were HU, yolk pH, albumen pH, CO 2 content of the albumen, and VMS. Each method is described in detail in the following section.
Experiment 2: Optimization of Cooling Time
The cooling time was optimized experimentally. A 3 × 2 experimental design consisted of 3 cooling temperatures (−45, −60, and −70°C) and 2 replicates. Four flats (30 eggs/flat) were cooled at a time. The eggs were rapidly cooled as described in the previous section. Both during the cooling treatment and equilibration at refrigeration temperature, the core temperature of the eggs was monitored using thermocouple leads inserted inside one egg per flat. Before cooling, eggs were incubated overnight to achieve an internal temperature of 43°C. During rapid cooling, eggs were cooled until the core temperature of the egg was between 4 to 5°C. This resulted in a thin ice layer (2-5-mm thick) being formed inside the shell/albumen boundary, which acts as a heat sink. An ice layer greater than 5 mm will cause the egg to crack.
Experiment 3: Evaluating Conditions for Maximizing CO 2 Content of Eggs and Its Effect on Egg Quality
To evaluate quality measurement of eggs, a 4 × 2 × 8 design was used. It consisted of 4 cooling conditions: control (traditionally cooled in 5°C walk-in cooler), treatment A (cooled at −45°C for 18 min), treatment B (−60°C cooling for 15 min), and treatment C (−70°C cooling for 12 min). Cooling treatment was done in duplicates using 4 flats at a time. Quality testing was done at 8 time points (wk 0, 1, 2, 4, 6, 8, 10, and 12) . Week 0 measurements were taken immediately after treatment. Six quality parameters were assessed: HU, yolk pH, albumen pH, CO 2 content of albumen, VMS, and visual assessment. The internal temperature of eggs was 6 to 7°C during analytical measurements. During the first 6 wk, 6 eggs were taken for testing, whereas from the eighth week onward, sample size was increased to 8 eggs due to increasing variability.
Haugh Unit Measurement. The HU measurement was done using the Egg Multi Tester EMT-5200 (Robatomation Co., Tokyo, Japan). The instrument is fitted with a load cell to measure the weight of the egg. Using ultrasound waves, it determines average albumen height. Using inbuilt software, it calculates the HU and directly displays HU values. Eggs were brought out from refrigerated storage (5-7°C) and taken up for HU measurement. The core temperature of eggs during HU measurement was about 6 to 7°C.
pH Measurement. The yolk and albumen pH of the eggs were tested using a pH probe, IQ150 (Spectrum Technologies, Plainfield, IL). The pH measurement was done on eggs after performing HU measurements. A 3-point calibration was performed on the pH meter using 4.0, 7.0, and 10.0 buffers, both at refrigeration and room temperature, each day before testing.
Carbon Dioxide Content Measurement. The CO 2 content of the albumen was determined using a titra- tion method (Keener et al., 2001) . A 50-mL glass beaker was filled with 12 mL of 0.2 N NaOH solution. This solution was placed inside a 400-mL glass jar. A 5.0-g sample of egg albumen was then added to the bottom of the glass jar, and the jar was sealed. Approximately 15.0 mL of acid phosphate solution was added using a syringe into the glass jar through the rubber septum in the lid. The jar was incubated at 37°C for 24 h to allow for CO 2 gas release from the sample and absorption into the NaOH solution. After 24 h, the jar was unsealed and 3 mL of 1 N BaCl 2 was then added to the NaOH, which converts all the sodium carbonate into barium carbonate (precipitate). The residual alkaline solution was then titrated with standardized acid (HCl) to a phenolphthalein end point. The calculated difference between initial and final milliequivalents in the alkaline solution corresponds to the absorbed CO 2 in the sample. The results are reported as mg of CO 2 /g of albumen.
VMS. The texture analyzer has been previously used for measuring VMS (Kirunda and McKee, 2000) . For the current study, TA-XT2i texture analyzer (Texture Technologies Corp., New York, NY) was used with settings established by Biladeau (2008) . A 5-kg load cell and a 3.00-mm pointed-tip probe were used. The analyzer was set in the compression testing mode. The test speed was set at 1 mm/s with 0.0009807 N (0.1 g) trigger force. The texture analyzer has a sensitivity of 0.1 g.
Visual Assessment. The internal quality of the eggs was visually assessed at the time of evaluating each of the above mentioned parameters. Eggs were evaluated for quality changes and defects: mixed rot, blood spots, stuck yolks, seeping yolk, enlarged and flattened yolks, weak and watery white, or any other abnormality. Blood spots are caused by blood or bloody tissues that accompany the yolk and albumen (Stadelman and Cotterill, 1995) . Stuck yolk phenomena occurs during storage, as thinning of thick white takes place, the yolk moves out from the center of the eggs toward the shell and appears to stick to the shell membrane (Damerow, 2000) . The initial stage of this degradation is termed seeping yolks. Mixed rot occurs when the VM breaks, allowing the yolk to mix with the albumen, resulting in a murky appearance throughout the egg. (USDA, 2010).
Statistical Analysis. Statistical Analysis was done by GLM of SAS (SAS 9.2; SAS Institute Inc., Cary, NC) using the 2-way ANOVA option. The main effects and interactions studied were treatment temperature and time of storage. Multiple mean comparisons were done using Tukey-Kramer test. Statistical significance was indicated at P < 0.05.
RESULTS AND DISCUSSION

Experiment 1: Effect of High-Temperature Incubation on Egg Quality
HU. The HU is a direct indicator of egg quality. Heat treatment resulted in a significantly lower HU, as seen in Table 1 . On d 0, both the control (HU 87.65) and treatment eggs (HU 85.67) averaged AA grade. After 24 h at 43°C, the eggs still maintained an AA grade; however, the HU was reduced to 76.1, which was significantly lower than that of d 0 (HU 85.67). Similar results were reported by Samli et al. (2005) , who found that HU significantly reduced from 91.4 to 76.3, 53.7, and 40.6 in 10 d when storage temperatures were 5, 21, and 29°C, respectively. Dogan and Bayindirli (1996) also reported lowering of HU within 48 h of storage from 91.66 (time zero) to 84.69 and 71.59 when storage temperature was 4°C and 45°C, respectively. A lower HU results from thinning of the thick albumen, and this in turn reduces the height of the thick albumen adjacent to the yolk.
Yolk pH. Table 2 shows the effect of high temperature on increase in yolk pH. The yolk pH for both control and heat-treated eggs changed significantly. However, it was observed that the pH of incubated eggs (pH 6.92) was higher than the control (pH 6.42) over the 3-d period.
Albumen pH. On d 0, the albumen pH of the heated eggs was similar to that of the control (pH 7.2) shown in Table 2 . However, on d 3, the heat-treated eggs had a higher pH (pH 7.49) compared with control eggs (pH 7.12). Samli et al. (2005) reported similar results. In their study at 29°C, pH increased from 7.47 to 8.7 within 2 d and to 9.11 within 10 d of storage.
CO 2 Content of Albumen. The CO 2 content of eggs is tabulated in Table 3 . Interestingly, the heated eggs and the control eggs had statistically equal CO 2 content over the 3 d. However, the control eggs lost only 5% CO 2 from d 0 through d 3, whereas the heated eggs lost 17.7%. The CO 2 -loss data correlated with increase in albumen pH, shown in Table 2 . Eggs naturally loose CO 2 over time, however, high temperature exposure would quicken this process.
VMS.
Temperature did not play a significant role in reducing the VM strength of eggs, over the 3-d period. As seen from Table 3 , there was an equal reduction in strength for both control group eggs (0.0195 to 0.015 N) and heat-incubated eggs (0.021 to 0.014).
Overall, heating eggs for a short time reduced HU; however, other quality factors showed no affect. Because this study heated fresh eggs for less than 24 h, it was not expected to significantly deteriorate egg quality.
Experiment 2: Optimization of Cooling Time
Cooling curves for eggs are shown in Figure 1a , b, and c, respectively. The internal temperature of eggs were measured both during exposure in the chamber (termed as cooling core temperature in Figure 1 ) and the actual time it took for the egg to reach an internal 7°C (equilibration core temperature). Cooling treatment was carried out at −45°C, −60°C, and −75°C. Cooling treatment times were determined based on 2 critera: 1) prevent freezing of interior of the egg while in the cooling chamber and 2) after removal from cooling chamber, internal temperature of egg equilibrated to 7°C. Based on these conditions, the following cooling times were determined: 18 min when cooling at −45°C (treatment A), 15 min at −60°C (treatment B), and 12 min at −75°C (treatment C). Equilibration temperature of 7°C was achieved within 25 min after removal from cooling chamber.
Experiment 3: Evaluating Conditions for Maximizing CO 2 Content of Eggs and Its Effect on Egg Quality
HU. Rapid cooling treatments had a significant influence on HU. Table 4 shows that the HU value of rapidly cooled eggs (between 78.49-76.0) is significantly higher than the traditionally cooled (71.81). As observed from Table 5 , the quality (in terms of HU) of control eggs began lowering from wk 3 onwards and continued until the 12th week. Numerically, there was a drop of 15 HU over the 12-wk period. In contrast, there was minimal deterioration of egg quality of the rapidly cooled eggs at the end of 12 wk. The rapidly cooled eggs, irrespective of the cooling temperature, averaged grade AA, whereas the control was grade A, at the end of 12 wk.
Along with the average HU values, the fraction of each grade is equally important. This is because letter grade is assigned over a range of values; that is, AA grade is assigned to HU ≥ 72, however a value of 72 would significantly bring down the average compared with if the HU was 92. Figure 2 shows the percentage grade based on HU over the 12 wk of testing. The traditionally cooled treatment had the lowest fraction (37%) of AA-grade eggs as compared with treatments A, B and C, which had 80, 80, and 78%, respectively. In addition, the rapidly cooled eggs contained no B-grade eggs, whereas about 5% of the traditionally cooled eggs were grade B. Most of the control eggs (57%) were grade A, whereas rapid cooling eggs had a majority of grade AA (approximately 80%). Results show that rapid cooling can improve quality of eggs over 12 wk, as indicated by higher HU value.
Yolk pH. Table 6 shows average yolk pH over the 12-wk storage period. At wk 0, the yolk pH of all treatments were equal, except treatment C (−75°C) which was lower. It is suspected this difference in the starting pH results from natural variation in eggs, because the CO 2 content was the same as treatment A (the −45°C) and treatment B (−60°C). The yolk pH for treatment C Table 3 . Average CO 2 content (mg/g of albumen) and vitelline membrane (VM) strength (mN) of control and heat-incubated eggs (n = 8) 1 Treatment is significant (P < 0.05).
remained lower than the others throughout the 12 wk. Although, yolk pH began changing after wk 4, however, the increase in pH was not significant. Albumen pH. Table 7 shows albumen pH during storage. The trends for increase in albumen pH was the same for control and rapidly cooled eggs; however, the pH of the control eggs increased the most (+2.19 pH units), whereas among the treatments, the −60°C treatment had the least increase (1.66 pH units). Values with the same superscript within a row are statistically similar (P < 0.05).
A-C Values with the same superscript within a column are statistically similar (P < 0.05). 1 Treatment is significant (P < 0.05).
CO 2 Content of Albumen. The CO 2 content for egg albumen is shown in Table 8 . Throughout the study, the traditionally cooled eggs had lower CO 2 levels. At wk 0, the control had 1.71 mg of CO 2 /g of albumen compared with 2.30 mg of CO 2 /g of albumen for rapidly cooled eggs. The rate of CO 2 loss was 20 to 25% throughout the study for both the control and treatments. Eggs lose CO 2 rapidly during the storage, yet there is always a certain percentage of CO 2 that is bound in the egg. It is suspected that rapid cooling with CO 2 extends shelf life and improves quality by altering protein chemistry in the egg albumen. These changes are materialized as a measureable increase in HU. It has been documented by previous research that CO 2 -ovomucin and CO 2 -lysozyme complexes are present in the egg white (Stadelman and Cotterill, 1995) . It is suspected that to an extent, these are reversible reactions and oversaturating the egg white with CO 2 (likely carbonate form) during cooling can drive these processes toward the original protein configuration(s) and higher HU. Interestingly, during posttreatment storage, the egg white retains a measurably higher CO 2 throughout storage as compared with the control. Thus, there is additional CO 2 retained in the egg during cooling (still less than the egg at lay) which has a measureable impact on shelf life. Further, Keener et al. (2000) showed that shell eggs rapidly cooled and stored in a high CO 2 environment had an extended shelf life of over 14 wk, which was significantly more than rapidly air-cooled eggs and CO 2 stored (10 wk), further supporting a change in egg albumen chemistry resulting from rapid CO 2 cooling.
VMS. The VMS results are shown in Table 9 . The VMS for all treatments at wk 0 were equal (0.0145-0.161 N) except treatment B (0.0217 N). It is suspected that treatment B had higher VMS due to sample variation. Until wk 6, there was no significant change in the VMS for any of the treatments. However, after wk 6, VMS of the traditionally cooled eggs degraded very rapidly. By wk 8, the VMS had decreased by almost 50% of its original level. In contrast, rapidly cooled eggs showed no decrease in VMS. They remained statistically equivalent through the 12 wk of storage. Results clearly showed that rapid cooling of eggs significantly improved the VMS as compared with traditional cooling, and egg quality was maintained for up to 12 wk. The degradation of the VMS is attributed to breakdown of ovomucin and conversion of thick to thin albumen, which is a function of CO 2 loss (Shafer et al., 1998) . Additionally, proteins make up about 87% of the vitelline membrane's solid fraction (Okubo et al., 1997) . It is suspected that the improved VMS of rapidly cooled eggs results from increased CO 2 content in the egg albumen, resulting from rapid cooling with liquid CO 2 . Interestingly, no rapid cooling condition showed a statistically greater VMS over another.
Visual Assessment and Loss Eggs. It was observed that traditionally cooled (control) eggs significantly decreased in quality in wk 8, although HU did not fully capture this quality change. Visually, the yolks in these eggs became flatter and more spread out. For VMS measurement after wk 6, traditionally cooled eggs required selecting and testing 18 eggs to obtain 8 valid measurements due to breakage of egg yolks. This was further supported by the low VMS values as shown in Table 9 . All rapidly cooled eggs were in excellent condition throughout the 12 wks of storage. In addition, they had well-centered firm yolks and thick albumen. Unlike rapidly cooled eggs, after wk 6, traditionally cooled eggs were observed to flattened and enlarged yolks that are reminiscent of B-grade eggs. In traditionally cooled eggs between wk 8 and wk 12, approximately 23% of eggs selected were too low of quality for testing. By comparison, between wk 8 and wk 12, no low-quality eggs were found in the −40°C cooling and only 2.3% of eggs selected were too low quality was observed in −60°C and −70°C cooling. In a previous study, checking of eggshells was observed with rapid cooling (Jones et al., 2002) . Within the current study, visual inspection did not reveal any checking; however, this evaluation was not performed via candling.
In conclusion, the current study evaluated 3 rapidcooling treatments to cool shell eggs to 7°C within 15 to 20 min. The time and temperature combinations selected were 18 min at −45°C, 15 min at −60°C, and 12 min at −75°C. It was found that rapid cooling significantly increased HU value of eggs compared with the traditionally cooled eggs over a 12-wk period. The rapidly cooled eggs had about 80% AA whereas traditionally cooled (control) eggs had only 37% AA after the 12 wk of refrigerated (5-7°C) storage. In addition, 5.5% grade-B eggs were found in traditionally cooled eggs for the 12 wk of storage. The yolk pH did not differ between the control and the treated eggs, except for −60°C-treated eggs, which had significantly lower yolk pH. Also, eggs rapidly cooled at −60°C for 12 min were found to have the lowest increase in albumen pH over 12 wk of storage. The CO 2 content of rapidly cooled eggs was significantly higher than that of the traditionally cooled eggs throughout the 12 wk of storage. The 3 cooling time-temperature combinations provided equal CO 2 content in the egg albumen. Rapid cooling significantly increased the strength of the VM. Over the 12 wk, the VMS of traditionally cooled (control) eggs reduced by 50% while rapidly cooled eggs maintained their VMS with no noticeable decrease.
Coating eggs with suitable edible coatings such as oil, whey protein isolate, or wax cannot increase the initial CO 2 content, but they have been shown to prevent loss of CO 2 through the eggshell (Heath, 1977; Biladeau, 2008) . A combination of rapid cooling (to increase initial CO 2 content) and suitable egg coating (to preserve the CO 2 content) could be an ideal combination for extending shelf life of eggs by maintaining fresh physical quality attributes.
